Adding conductive fillers to an insulating polymer matrix produces composites with unique properties. Varying amounts of carbon black (0.33, 0.67, and 1 wt%) and graphene nanoplatelets (5, 10, 15, and 20 wt%) were added to epoxy. In addition, a few carbon black/graphene nanoplatelet/epoxy formulations were also fabricated. The conductivity and tensile properties were determined and analyzed. The single filler composites containing 5 and 10 wt% graphene nanoplatelet and 0.33 wt% carbon black could be used for electrically insulating applications. Composites containing 15 and 20 wt% graphene nanoplatelet could be used for static dissipative applications. The following composites could be used for semiconductive applications: 0.67 wt% carbon black/epoxy, 1 wt% carbon black/epoxy, 0.33 wt% carbon black/5 wt% graphene nanoplatelet/epoxy, and 0.33 wt% carbon black/10 wt% graphene nanoplatelet/epoxy. At the 95% confidence level, the combination of 0.33 wt% carbon black with 5 wt% graphene nanoplatelet caused the composite electrical resistivity (1/electrical conductivity) to significantly decrease from $10 15 ohm-cm to $10 4 ohm-cm. It is likely that the highly branched, high surface area carbon black is forming an electrically conductive network with graphene nanoplatelets. Concerning single filler composites, adding 1 wt% carbon black did not significantly lower the composite tensile strain; however, adding graphene nanoplatelet did decrease tensile strain and increase modulus. One possible application for the 10 wt% graphene nanoplatelet/epoxy composite is in Polymer Core Composite Conductors for power transmission lines, which need to be electrically insulating, have improved thermal conductivity (increased from 0.2 to 0.3 W/m-K), increased tensile modulus (increased from 2.7 to 3.3 GPa), and good tensile strength (70 MPa) and strain (3.3%).
Introduction
Composites containing varying amounts of conductive fillers in an insulating polymer matrix can be used for a variety of applications. If the electrical percolation threshold (point at which adding a small amount of conductive filler significantly increases the composite conductivity) has not been reached, these composites are electrically insulating and could be used for Polymer Core Composite Conductors (PCCCs). PCCCs are being used by utility companies to transmit more power over existing right of ways than traditional power lines. PCCCs consist of an electrically insulating composite core containing carbon fiber/epoxy and glass fiber/epoxy for strength and stiffness, which is surrounded by aluminum strands for conduction. 1, 2 If the electrical percolation threshold has been reached, these composites could be used for static dissipative (electrical resistivity (ER) ranging from $10 10 to 10 5 ohm-cm) and semi-conductive (ER ranging from $10 1 to 10 4 ohm-cm) applications.
Graphene nanoplatelets (GNPs) are short stacks of individual layers of graphite (called graphene) that often increase the tensile modulus (stiffness), electrical conductivity (1/ER), and thermal conductivity (TC) of a composite and are available at a moderate cost ($$5-$50/lb) compared to carbon nanotubes. [3] [4] [5] [6] [7] [8] Increasing the composite TC can allow these materials to be used in heat sink applications. Various models have been used to predict the tensile modulus of composites containing GNP. These models consider the constituent properties, concentrations of each constituent, and the filler aspect ratio and orientation. 6, [9] [10] [11] [12] [13] [14] [15] Carbon black (CB) is a cost effective filler ($$5-15/lb) that has often been used to increase the electrical conductivity (1/ER) of a composite. [16] [17] [18] In this work, researchers fabricated epoxy (EPON 862 with EPIKURE Curing Agent W) composites containing varying amounts of a GNP (Asbury Carbons TC307) and a CB (Akzo Nobel Ketjenblack EC-600 JD). In addition, two CB/GNP/epoxy formulations were made. All composites were tested for tensile properties as well as electrical and TC. The first goal of this work was to determine the effects of these fillers on composite tensile and conductivity properties. The second goal was to model the GNP/epoxy composites tensile modulus. Per authors' knowledge, these material properties for these loading levels of Asbury TC307 and Ketjenblack EC-600 JD in this epoxy system (EPON 862 with EPIKURE Curing Agent W) have never been previously reported in the open literature.
Materials and experimental methods
The matrix used for this project was Hexion's EPON 862 (diglycidyl ether of bisphenol F) with EPIKURE Curing Agent W (diethyltoluenediamine) with 100 g of EPON 862 added to 26.4 g of EPIKURE Curing Agent W. The viscosity of EPON 862 and EPIKURE Curing Agent W at 25 C is $35 P and $200 cP, respectively. EPON 862 is a low-viscosity liquid epoxy resin manufactured from epichlorohydrin and bisphenol F. 19, 20 The density of the cured epoxy resin is 1.2 g/ml. 19 The first filler used in this study was Akzo Nobel's Ketjenblack EC-600 JD. This is an electrically conductive CB (0.01-0.1 ohm-cm) that has a highly branched, high surface area (1250 m 2 /g) structure that allows it to contact a large amount of polymer, which results in improved electrical conductivity at low CB concentrations. The CB has a density of 1.8 g/cm 3 , primary aggregate size of 30-100 nm and is in the form of pellets that are 100 mm to 2 mm in size. 18 The second filler used was Asbury Carbons' TC307 GNPs. This GNP consists of $8 layers of graphene and has a thickness of $10-15 nm. It has a particle diameter of 500 to 1000 nm, a density of 2 g/cm 3 , a surface area of 350 m 2 /g, and a TC of 600 W/m-K. Table 1 shows the concentrations (shown in wt% and the corresponding vol%) of all the single filler composites and the two CB/GNP/epoxy formulations studied in this research. In this table and in the following tables and text, the abbreviation ''CB'' is used to signify carbon black (Ketjenblack EC-600 JD) and ''GNP'' is 
Test specimen fabrication
The fabrication procedure used for the neat epoxy is described elsewhere. 21 For the GNP/epoxy composites, the steel mold was coated with Mann Ease Release 300, then assembled and preheated in an oven at 100 C. For this entire project, a total of 450 g was made in each batch and five mixing cups containing 90 g each were used. Also, a ratio of 100 g of epoxy was added to 26.4 g of hardener throughout this project. Masterbatches of 30 wt% GNP were fabricated by adding GNP on top of epoxy resin in a mixing cup. The epoxy resin and GNP were centrifuged for a total of 2.5 min at 3000 r/min in the FlackTek SpeedMixer DAC 150.1 FVZ, which uses centrifugal forces. The masterbatch was diluted to achieve the desired amount of filler in the each formulation. Neat epoxy resin, masterbatch, and hardener were poured into mixing cups and centrifuged at 2250 r/min for 3 min in the SpeedMixer. The mixing cups were degassed at 90 C and 29 in. Hg vacuum for 35 min. The degassed mixture was then poured into the mold (at 90 C) and degassed again. The material was cured using the following cycle: 121 C for 2 h, then heated to 177 C at 2 C/min, and then held at 177 C for an two additional hours. The oven was then turned off and the cured epoxy was allowed to cool in the oven to 25 C at a cooling rate of 1 C/min. Rectangular bars (3.2 mm thick by 165 mm long by 19 mm wide) and disks (64 mm diameter, 3.2 mm thick) were fabricated.
For the CB/epoxy composites, the steel mold was coated with Mann Ease Release 300 and then assembled and preheated in an oven at 100 C. Masterbatches of 5 wt% CB were fabricated by adding CB on top of the epoxy resin in a mixing cup. The CB and epoxy resin were centrifuged for 1.5 min at 2500 r/min in the SpeedMixer. Four zirconium mixing cylinders were placed into the cup and were centrifuged three times for 1.5 min at 2500 r/min in the SpeedMixer. After each mixing step, the cups were allowed to cool back to 25 C. Neat epoxy resin, masterbatch, and hardener were poured into mixing cups and centrifuged at 3500 r/ min for 1.5 min to fabricate the desired formulation. The walls on the inside of the cups were scraped and the cups were centrifuged again at 3500 r/min for another 1.5 min. The contents of the cups were poured into the mold and the mold was degassed at 90 C and 29 in. Hg vacuum for 30 min. The material was cured as previously described.
For the CB/GNP/epoxy composites, the mold was coated with Mann Ease Release 300 and then assembled and preheated in an oven at 100 C. CB and GNP masterbatches were compounded as previously described. Neat epoxy resin, CB and GNP masterbatches, and hardener were poured into mixing cups and centrifuged at 3500 r/min for 2.5 min in the SpeedMixer to produce the targeted formulation. The inside walls of the cups were scraped and the cups were centrifuged again at 3500 r/min for another 2.5 min in the SpeedMixer. The contents of the cups were poured into the mold and the mold was degassed at 90 C and 29 in. Hg vacuum for 30 minutes. The material was cured as previously described.
Field emission scanning electron microscope test method
A Hitachi S-4700 field emission scanning electron microscopy (FESEM) was used to view the GNP in epoxy. Samples were prepared for FESEM by cutting small cubes with sides of approximately 3 mm long so that the tensile fracture surface would be viewed. The samples were mounted on an aluminum sample mount before being sputtered with a 2-nm thick platinum/ palladium coating using a Cressington 208HR sputter coater. The film thickness was measured with a Cressington MTM-20 High Resolution Thickness Controller. The accelerating voltage was set to 2.0 kV at a working distance of 13.6 mm.
To view the CB in epoxy, the following sample preparation method was used. First, an epoxy form was made containing the tensile fracture surface of the 1 wt% CB/epoxy composite. The tensile fracture surface was placed in the bottom of 1.25 in. metallographic mount molds and placed into a Logitech vacuum impregnator. While the specimen chamber was evacuated, Epotek 301 epoxy was prepared and mixed. The epoxy was then vacuum degassed and introduced into the specimen chamber while still under vacuum. Upon filling the mold with liquid epoxy, the specimen chamber was returned to ambient pressure and the filled mold was removed and placed in a desiccator for over-night curing at 25 C. After removing the epoxy-impregnated specimen, the sample was polished using a Struers LaboForce-3 metallographic specimen grinder/polisher fitted with pressure sensitive adhesive (PSA)-backed #400 grit fixed SiC media. Grinding continued with #800 and #1500 grit PSA-backed fixed SiC media. Polishing was performed with multi-crystalline diamond, starting with 6 mm media on a Buehler EcoMet 4 rotary polisher fitted with a nap cloth and rotating at 250 r/min. Intermediate and final polishing were completed on Buehler VibroMet I vibratory polishers fitted with nap cloth; 0.25 mm diamond paste and 0.05 mm colloidal silica were used for intermediate and final polishing, respectively. The specimens were cleaned between each grinding and polishing step by sonicating for 5 min in distilled water. Water was used for the lubricant throughout the grinding and polishing steps. The polished composite surface was then oxygen plasma etched in a March Jupiter II reactive ion etcher. The etching conditions were 300 W, 240 mTorr, and 100 standard cm 
Through-plane electrical resistivity test method
For samples with an electrical resistivity (1/electrical conductivity) > 10 7 ohm-cm, through-plane (also called transverse), volumetric electrical conductivity test was conducted at 23 C. In this method, a constant voltage (typically 100 V) was applied to the test specimen, and the resistivity was measured according to ASTM D257 using a Keithley 6517A Electrometer/ High Resistance Meter and an 8009 Resistivity Test Fixture. 22 The Keithley 6524 High Resistance Measurement Software was used to automate the conductivity measurement. For each formulation, a minimum of five specimens were tested. Each test specimen was a molded disk that was 6.4 cm in diameter and 3.2 mm thick. For all the tests conducted in this project, prior to testing the samples were conditioned at 23 C and 50% relative humidity for two days.
In-plane electrical resistivity test method
The volumetric in-plane (also called longitudinal) electrical resistivity was measured at 23 C on all samples with an electrical resistivity <10 7 ohm-cm according to ASTM D4496. 23 The samples tested were 60 mm long by 3.2 mm thick by 19 mm wide. The samples were prepared by scratching a rectangular sample with a razor blade, placing the sample in liquid nitrogen, and then manually breaking the sample at the desired locations, which produced a fracture surface at each end of the inplane sample. The 3.2 mm thick by 19 mm side ends were coated with silver paint and dried for 1 h. In this two-probe test, one probe was placed on each silverpainted fracture surface and a constant voltage was applied to the sample using a Keithley 2400 Source Meter. The current flowing across this sample was measured on this same Keithley 2400. At least five samples were tested for each formulation. Equation (1) was then used to calculate the electrical resistivity
where ER = electrical resistivity, ohm-cm ÁV = voltage drop, volts w = sample width, cm t = sample thickness, cm i = current, amps L = length over which ÁV is measured
Through-plane TC test method ASTM F433 (guarded heat flow method) was used to measure the through-plane TC of 5 cm diameter and 3.2-mm thick disks at 55 C using a Netzsch Model TCA 300 Thermal Conductivity Analyzer. 24 For each formulation, at least four samples were tested.
Tensile test method
ASTM D638 at 23 C was used to determine the tensile properties (ASTM Type I sample geometry: 65 mm long by 3.2 mm thick). 25 For each formulation, at least five samples were tested at a crosshead rate of 1 mm/min using a Tinus Olsen hydraulic mechanical testing machine. Tensile modulus was determined from the initial linear portion of the stress-strain curve. Figure 1 shows the tensile fracture surface of the 10 wt% TC307GNP in epoxy composite. GNP that has $1 mm diameter is noticed. Figure 2 shows the polished tensile fracture surface of the 1 wt% CB in epoxy composite. The primary aggregate size of 30 to 100 nm for the Ketjenblack EC-600JD is clearly shown.
Results

Microscopy results
Electrical resistivity results Table 1 shows the ER results (mean, standard deviation, and number of samples tested) for all the samples produced and tested in this project. These results are also shown graphically in Figure 3 (every data point is displayed for all single filler composites) as the Log ER.
As expected, the CB electrical percolation threshold is very low ($0.3 vol%) due to the highly branched and high surface area structure. The 0.33CB (0.20 vol% CB) composite could be used for electrically insulating applications. The 0.67CB (0.40 vol% CB) and 1CB (0.60 vol%) composites could be used for semi-conductive applications. This percolation threshold is much smaller than the 4 wt% reported by Lu et al. for 100 to 400 nm size CB/bisphenol A epoxy composites that were produced by in situ polymerization. 26 Abdel-Aal et al. also reported a percolation threshold of $5 wt% for a CB with a primary particle size of 3 mm in EpiKot epoxy resin 828 with aromatic hardener 128 produced by Kayo. 27 Etika et al. reported percolation threshold of $0.5 wt% of Columbian Chemicals Conductex 7055 Ultra CB (42 nm primary particle size) in Dow Chemical D.E.R. 354 epoxy with Dixie Chemicals ECA 100 curing agent. 28 Figure 3 also shows the ER of the GNP/epoxy composites, which shows the electrical percolation threshold $7 vol% (12 wt%) GNP. The samples containing 5 and 10 wt% (3.1 and 6.3 vol%) TC307GNP in epoxy could be used for electrically insulating applications. The composites containing 15 and 20 wt% TC307GNP in epoxy could be used for static dissipative applications. A percolation threshold of $2 wt% GNP from Ningbo Institute of Materials Technology and Engineering in Dow 6105 cycloaliphatic epoxy resin was reported by Wang et al. 29 Prolong et al. observed a percolation threshold of $5 wt% for XG Science's M25GNP (25 mm average particle diameter with 6 nm thickness) in an epoxy resin based on diglycidyl ether of bisphenol A cured with an aromatic amine (Araldite LY556 epoxy momoner with XB3473 amine hardener). 30 Chandrasekaran et al. reported a percolation threshold of $0.25 wt% GNP (13 nm thick with 35 mm diameter from Punto Quantico) in epoxy based Araldite LY556 cured with anhydride hardener Aradure 917 in a solvent based fabrication method, which is very different from the process we used. observed an ER of 10 7 ohm-cm for a composite containing 0.9 wt% GNP (270 mm diameter) and 0.1 wt% Ketjenblack EC-600 JD CB in a bisphenol A epoxy resin with dicyandiamide curing agent. 32 Our work presented here studies the higher amounts of the combination of CB and GNP than those used by Fan et al. 32 Since these combination of 0.33 wt% CB and 5 wt% GNP produced much lower ER values than either single filler composite, a two-factor two-level factorial design with a replicate (see Table 1 ) were conducted with the low and high concentrations of CB at 0 and 0.33 wt% and for GNP at 0 and 5 wt%. This analysis was performed using the Minitab version 17 Statistical Software package. For this analysis, the effects and P (sometimes designated as p) values for the Log ER results were calculated. Small p values indicate that a factor (filler in this case) may have a significant effect on the composite Log ER. 33 For all statistical calculations, the 95% confidence level was used. Factorial designs are the most efficient type of experiment to determine the effect of each filler and any possible interactions between fillers. By using factorials, one can determine the effect that each factor (filler) has on the system by calculating a single value to quantify the change in SE as the amount of a filler is increased. These calculated effects can then be ranked to determine which fillers and combinations of fillers produced a larger change. 33 The effects and P values are given in Table 2, showing the values of all the filler combinations. Further investigation of Table 2 yields some important information regarding the effects that fillers have on electrical resistivity. First, for the composites containing only single fillers, CB (largest effect term), followed by GNP (smallest effect term), cause a statistically significant decrease (negative effect term) in composite Log ER (P < 0.05). Second, the combinations of different fillers had a statistically significant effect on Log ER (P < 0.05), which lowered the composite ER. This means that adding 0.33 wt% CB and 5 wt% GNP to epoxy caused the composite ER to be lower than what would be expected from the additive effect of each single filler. Based on these ER values, the highly branched CB and GNP are likely forming electrically conductive networks. The 0.33CB5GNP and 0.33CB10GNP composites could be used for semi-conductive applications. Our results along with Fan et al. 32 also illustrate the remarkable effect that a small amount of CB has on decreasing the ER of GNP/epoxy composites. Table 1 also shows the TC results for all the samples studied. For the GNP/epoxy composites, the TC increased from $0.2 W/m-K for the neat epoxy to $0.4 W/m-K for the 20GNP composite (20 wt% GNP, 13 vol% GNP). Doubling the TC could be useful to dissipate heat in many applications. Figure 4 shows the TC for the GNP/epoxy composites along with the geometric rule of mixtures model (shown in equation (2)).
Thermal conductivity results
In equation (2), TC C , TC m , and TC f are the thermal conductivities of the composite, matrix, and filler, and V m and V f are the volume fraction of matrix and filler. The geometric rule of mixtures is often used to predict the composite TC. 34 Figure 4 shows that this model fits the experimental data fairly well at low volume fractions of GNP.
Adding up to 1 wt% CB had no appreciable effect on composite TC. The CB/epoxy composites had a TC of $0.2 W/m-K. The TC of the 0.33CB5GNP and 0.33CB10GNP composites are similar to that of the 5GNP and 10GNP composites, respectively. AbdelAal et al. reported an increase in composite TC from $0.2 W/m-K to $0.4 W/m-K upon adding 10 wt% CB (lower surface area) to epoxy. 27 Due to the highly branched, high surface area of Ketjenblack EC-600 JD, we were only able to add up to 1 wt% Ketjenblack EC-600 JD before the viscosity became too high to fabricate samples. Wang et al. reported a slight TC increase from $0.22 to 0.24 W/m-K as a result of adding 5 wt% XG Sciences GnP-C750 (GNPs with <1 mm average particle diameter, $5 to 10 nm thickness, surface area $750 m 2 /g) to EPON 828 epoxy resin with m-phenylene diamine curing agent. 35 This compares well to the increase from 0.20 to 0.26 W/m-K we noted for 5 wt% TC307 in our work. They also reported that the tensile modulus remained constant at $1.8 GPa.
Tensile results
For the GNP/epoxy composites, the tensile strength remained similar to that of the neat epoxy up to 10 wt% GNP (at 70 MPa) and then decreased to 49.9 MPa at 20 wt% GNP. Tensile strain decreased immediately upon the addition of GNP from 3.9% for 5 wt% GNP to 1.5% for 20 wt% GNP. Tensile modulus steadily increased from 2.72 GPa for the neat epoxy to 3.69 GPa for the composites containing 20 wt% GNP in epoxy. Wang et al. reported an increase in tensile modulus from $2.7 GPa (neat epoxy) to 3.2 GPa for 5 wt% GnP-C750/epoxy composites. 35 This is similar to the modulus increase we observed in this work from 2.7 GPa (neat epoxy) to 3.0 GPa from adding 5 wt% TC307 to epoxy. For the 5 wt% GnP-C750/ epoxy composites, Wang et al. 35 also noted that the tensile strength remained approximately same as the neat resin, which is also similar to what we observed in this work. Table 3 shows the tensile properties for the CB/ GNP/epoxy composites. The addition of 0.33 wt% CB to 5 wt% GNP caused the tensile modulus to increase from 2.97 to 3.20 GPa, and the tensile strength and strain to decrease from 72.9 to 68.3 MPa and from 3.85% to 3.09%, respectively. The addition of 0.33 wt% CB to 10 wt% GNP caused the tensile modulus to increase from 3.20 to 3.27 GPa, and the tensile strength and strain to decrease from 70.0 to 61.6 MPa, and from 3.27% to 2.45%, respectively. The authors could not find open literature papers that reported the tensile properties of similar loading levels of combinations of CB and GNP in epoxy.
Several different models (Einstein's, Guth and Smallwood's, and Halpin-Tsai's) were utilized to compare to our experimental results. Equation (3) shows Einstein's model that uses the filler volume fraction (V f ) and matrix modulus (E m ) to predict the composite tensile modulus (E c ) 13 ,14
Two other researchers, Guth and Smallwoood, added to Einstein's model by incorporating interparticle interactions as shown in equation (4) 13,15
Another set of researchers, Halpin and Tsai, developed a tensile modulus model that incorporated the filler shape factor () and tensile modulus (E f ). Equations (5) and (6) show the Halpin-Tsai model equations to predict the composite tensile modulus in both the longitudinal direction (E L ) and the transverse direction (E T ) for unidirectional filler composites
Equation (5) includes the filler shape factor . Equations (5) and (6) include the parameters L and T that are given in equations (7) and (8)
For composites containing two-dimensional (2D) random orientation of fillers and the three-dimensional (3D) random orientation of fillers, equations (9) and (10) are used [9] [10] [11] [12] 
For all formulations, E m , the matrix tensile modulus, was measured experimentally to be 2.72 GPa (see Table 3 ) and was used in these models. When tensile loads are transferred to the GNP particles (consisting of multiple sheets of graphene stacked on top of each other) from the polymer, the van der Waals dispersion bonding between layers are likely to fail first before graphitic carbon-carbon bonding within the sheets fails, leading to further exfoliation of the particle. Thus, for the Halpin-Tsai model, the tensile modulus of TC307 was equal to the modulus of exfoliation in the graphite c-axis (through-the-plane) of 36.5 GPa. 37 For platelets, the filler shape factor, , is equal to 0.667 (L/t). 38 For TC307, the mean platelet length was $750 nm and its thickness was $12.5 nm, which leads to a shape factor of 40. Figure 7 shows tensile modulus experimental data (mean with AE 1 standard deviation) for GNP/epoxy composites along with the values predicted by the Einstein, Guth and Smallwood, and Halpin-Tsai 3D models ( Figure 1 shows 3D random orientation of GNP in epoxy). Over the entire filler volume fraction range studied here, the Einstein model gave the best prediction of composite tensile modulus.
